Elucidation of enzymatic polyether formation is a long-standing controversial issue in organic chemistry. To address this intriguing issue, identifying the actual substrate for epoxidation and sequential cyclization is essential. We selected the representative polyether ionophore, lasalocid, which has been proposed to undergo no modification at the late stage of biosynthesis. Cloning and a sequence analysis revealed seven polyketide synthase (PKS) genes, epoxidase and epoxide hydrolase genes for sequential ether formation, and several putative genes for supplying ethylmalonyl-CoA. Based on bioinformatic data, we propose the lasalocid biosynthetic pathway which involves characteristic aromatic ring formation and sequential cyclic ether formation. The finding of a thioesterase domain at the C-terminal of the seventh PKS indicates that intriguing oxidative cascade cyclization would occur after cleavage of the polyketide intermediate from PKS. Based on this observation, we have recently reported the enzymatic transformation of a bisepoxide intermediate to lasalocid with the recombinant epoxide hydrolase, Lsd19.
Elucidation of enzymatic polyether formation is a long-standing controversial issue in organic chemistry. To address this intriguing issue, identifying the actual substrate for epoxidation and sequential cyclization is essential. We selected the representative polyether ionophore, lasalocid, which has been proposed to undergo no modification at the late stage of biosynthesis. Cloning and a sequence analysis revealed seven polyketide synthase (PKS) genes, epoxidase and epoxide hydrolase genes for sequential ether formation, and several putative genes for supplying ethylmalonyl-CoA. Based on bioinformatic data, we propose the lasalocid biosynthetic pathway which involves characteristic aromatic ring formation and sequential cyclic ether formation. The finding of a thioesterase domain at the C-terminal of the seventh PKS indicates that intriguing oxidative cascade cyclization would occur after cleavage of the polyketide intermediate from PKS. Based on this observation, we have recently reported the enzymatic transformation of a bisepoxide intermediate to lasalocid with the recombinant epoxide hydrolase, Lsd19.
Key words: biosynthesis; ionophore antibiotic; lasalocid; gene sequencing; natural product Naturally occurring polyether metabolites consist of ionophore antibiotics, 1) marine dinoflagelate toxins, 2) marine triterpenes 3) and Annonaceae antitumor acetogenins. 4) Although all of these metabolites have been proposed to be constructed via a common biogenetic pathway, details of the polyether formation remain unknown.
Among these natural polyethers, a number of biosynthetic studies on ionophore antibiotics have been made. Lasalocid A 5) isolated from Streptomyces lasaliensis is an important class of antibiotics among commercially available anticoccidial agents. Feeding experiments have suggested that lasalocid A was biosynthesized via a dodecaketide. [6] [7] [8] Considering the coproduction of isolasalocid A together with lasalocid A in S. lasaliensis, Westley and co-workers have proposed that the stereoselective epoxidation of a dodecaketide precursor prelasalocid and sequential ring opening of the resulting bisepoxide would afford the ether ring system of lasalocid A as shown in Scheme 1A. 9) In biosynthetic studies on another important polyether ionophore, monensin, this insightful hypothesis was supported by extensive incorporation experiments with [1- 13 C,1-18 O]-short chain fatty acids and 18 O 2 , indicating that the terminal three oxygen atoms were derived from corresponding epoxidation of the triene precursor as shown in Scheme 1B. 10) These data led to the Cane-Celmer-Westley unified hypothesis of ionophore polyether biosynthesis in actinomycetes. 1) After this proposal, several groups attempted to incorporate advanced polyene intermediates. However, all efforts to prove this attractive hypothesis failed. 11) In 2001, the gene-cluster of monensin was indentified, 12, 13) and several gene disruption experiments on epoxidase (MonCI) and hydrolases (MonBI, BII) established that these three enzymes were responsible for the conversion of all-E triene into monensin via epoxidation and cyclization. 14, 15) Yet, the detailed mechanism for the enzymatic polyether formation has remained unconfirmed.
Cane et al. divided polyether antibiotics into two stereochemical prototypes: APPA-type (monensin-type) and PAPA-type (lasalocid-type) based on combination of the first four biosynthetic units (A, acetate; P, propionate).
1) All the gene clusters reported belong to APPAtype polyethers such as monensin and its structural homologs, nangchangmycin 16) and nigericin, 17) their gene organization and oxidative cyclization pathways including spiroketalization, sequential epoxide opening and terminal acetal formation are similar. Thus, identification of the gene cluster for PAPA-type polyethers such as lasalocid and salinomycin is important to confirm the unified biogenesis of polyether biosynthesis. In addition, we have speculated that the identification of such a biosynthetic gene cluster would provide useful information, since some of them could be expected to involve no post-PKS modification. In this report, we describe the identification of the lasalocid gene cluster and discuss the biosynthetic pathway with genetic information.
Materials and Methods
Bacterial strains, media, and culture conditions. Streptomyces lasaliensis ATCC 35851 was grown at 30 C on an MYM medium containing 0.4% maltose, 1.0% malt extract (Difco) and 0.4% yeast * Present address: Department of Biotechnology, Faculty of Bioresource Sciences, Akita Prefectural University, Akita 010-0195, Japan y To whom correspondence should be addressed. Fax: +81-11-706-2622; E-mail: hoik@sci.hokudai.ac.jp Abbreviations: PKS, polyketide synthase; KS, -ketoacyl-ACP synthase; AT, acyltransferase; KR, ketoreductase; DH, dehydratase; ER, enoyl reductase; ACP, acyl carrier protein; TE, thioesterase Biosci. Biotechnol. Biochem., 73 (1), [169] [170] [171] [172] [173] [174] [175] [176] 2009 extract (Difco). All E. coli strains used in this study were grown by following standard protocols.
Preparation of DNA probes for library screening. Using the S. lasaliensis linear plasmid pKSL obtained as described, 18) PCR was performed to amplify the conserved region of the KS domain with the following degenerate primers: 19) 
, and deg-KS7-rev (5 0 -ASR TGS GCR TTS GTS CCS SWS A-3 0 ). In the presence of 10% DMSO and pKSL as a template, the forward and reverse primers were tested in all possible combinations under standard PCR conditions with an annealing temperature at 55 C. PCR amplimers were gel-purified and cloned into pGEM-T with a TA cloning kit (Promega). For all primer pairs, a representative set of cloned amplimers (500-800 bp) was sequenced by using an ABI Prism 310 DNA sequencer with T7-and T3-primers.
The total genomic DNA library of S. lasaliensis ATCC 35851 reported previously 20) was used in this study. Probes prepared with primer sets A (fwd, catgctcccggccgccatgg; rev, ggaggctgcggggcaggacg) and B (fwd, accggatgacctcggcgacg; rev, cacggccgacctcacgttcg) were labeled by using the Alkphos direct labeling kit (Amersham Bioscience). A total of ca. 2000 cosmid clones were grown onto LBagar plate and spotted onto nylon filters (Hybond-N+, Amersham Bioscience). The filters were hybridized at 65 C for 12 h with a hybridization buffer, and washed twice for 15 min each with 100 ml of washing buffer I (50 mM sodium phosphate, 2 M Urea, 0.1% SDS, 150 mM NaCl, 1 mM MgCl 2 , 0.2% blocking reagent, pH 7.0) at 65 C, and then washed twice with 100 ml of washing buffer II (1 M Tris, 2 M NaCl, pH 10.0) at room temperature with continuous shaking. The filter was analyzed by the CDP-Star detection system (Amersham Bioscience). The resulting positive clones were confirmed by PCR amplification, using positive cosmids as templates.
Nucleotide sequencing and analysis. Shotgun libraries of each positive cosmid (LSD3, LSD9 and LSD24) were generated, and shotgun sequencing was accomplished by Hitachi High-Tech Science Systems Corp. Sequence data were assembled by SEQUENCHER 3.1.1 (Gene Codes) and analysed by GENETYX-WIN 5.0 (Software Development, Tokyo) and the FRAMEPLOT program 21) (http: //www.nih.go.jp/ $ jun/cgi-bin/frameplot.pl). Gene prediction was based on a homology search with the BLASTP program 22) and the unique codon usage in Streptomyces. 23) Where possible, we chose an initiation codon (ATG, GTG, CTG or TTG) that was preceded by an upstream ribosome-binding site. If this could not be identified, we chose the most upstream initiation codon. The sequence of the S. lasaliensis lasalocid biosynthetic gene cluster reported in this paper has been deposited in the DDBJ database under accession code AB449340.
Results and Discussion
Cloning and sequencing of the lasalocid gene cluster from linear plasmid pKSL S. lasaliensis ATCC 35851 carries 520-kb linear plasmid pKSL.
18) It has been suggested that this linear plasmid involved the production of at least polyether antibiotic lasalocid and quinomycin-family antibiotic echinomycin on the basis of protoplast fusion experiments. 24) Recently, we have confirmed that the gene cluster for echinomycin biosynthesis was actually located on pKSL. 20) Biosynthetic studies on lasalocid [6] [7] [8] indicated that lasalocid was biosynthesized via the polyketide pathway, as in the case of closely related polyether monensin, whose gene cluster containing type-I PKS has been identified. 13) Thus, homologybased screening of type-I PKS would be effective to clone the lasalocid biosynthetic gene cluster.
Degenerate primers 19) for KS domains were used to amplify the corresponding homologs from S. lasaliensis linear plasmid pKSL. Of the six KS amplimers cloned and sequenced, three (KS2, KS4 and KS5) represented unique type-I PKS KS gene fragments. The S. lasaliensis genomic cosmid library was screened by colony hybridization, using the KS2 probe. A sequence analysis of the terminal regions of insert DNA on all cosmids showed that the 5 0 -terminal region of cosmid LSD3 was overlapped with the 3 0 -terminal of LSD9 as shown in Fig. 1 . The second colony hybridization with 0.5-kb sequence in the 3 0 -terminal region of LSD3 gave LSD24. Shotgun sequencing of the three cosmids, LSD3, LSD9 and LSD24, was conducted to identify an 82-kb region covering the entire lasalocid biosynthetic gene cluster.
Sequence of the contiguous 82-kb DNA region was analyzed for putative open reading frames (ORFs) with the FRAMEPLOT program. 21) A total of 19 ORFs, designated lsd1-lsd19, were aligned with homologous sequences of GenBank by using BLAST programs. 22) The predicted functions of these lsd gene products and their corresponding homologs are listed in Table 1 . The order, relative position and orientation of the open reading frames (ORFs) representing the proteins of the biosynthetic locus are schematically illustrated in Fig. 1 .
In the immediately upstream region of lsd1, we found a putative endo-1,4--xylanase gene (orf1: Cellulosimicrobium sp. HY-12, 61% identity) and hypothetical protein gene (orf2: Streptomyces ambofaciens ATCC 23877, 82% identity) which were unlikely to be involved in lasalocid biosynthesis. On the other hand, putative epoxide hydrolase gene lsd19 is thought to be the last gene within the lsd cluster at the downstream boundary, since no function was apparent for the adjacent serine-type D-Ala-D-Ala carboxypeptidase gene (orf3: Salinispora tropica CNB-440, 82% identity).
Analysis of lasalocid PKS: predicted structure of the polyketide backbone based on the colinearlity rule
The lasalocid gene cluster corresponding to lsd11-lsd17 encodes a type I PKS consisting of a loading module and 11 extension modules required to construct a linear dodecaketide from five malonyl-CoA, four methylmalonyl-CoA and three ethylmalonyl-CoA as shown in Fig. 2 . It is well-known that the modular arrangement of the PKS domain organization follows the colinearity rule. 25, 26) An examination of each module showed full reductive loops in modules 2, 4 and 8, and partial reductive loops in modules 5, 7 (KR) and 1, 3, 10 (DH-KR). The module organization and arrangement of domains were well correlated with the structure of prelasalocid. The KSQ domain 27) was found in the loading module of lasalocid PKS. This agrees with the previous observation that the starter unit was derived from malonate, not from acetate based on a feeding experiment with [2-13 C, 2-2 H 3 ]acetate. 8) An extensive sequence analysis showed that all AT domains had a highly conserved GHSxG motif and characteristic amino acid sequences specific for malonylCoA and branched malonyl-CoA as shown in Fig. 3A . 28) In general, there is no clear difference in amino acid sequences between AT domains specific for methylmalonyl-CoA and ethylmalonyl-CoA. In the case of the lasalocid PKS, however, characteristic sequences in AT domains specific for these substrates were found in front of the divergent motif 29) as shown in Fig. 3 . Based on this observation, the substrate specificities of the AT domains were predicted (malonyl-CoA specific AT: loading module and modules 2, 8, 9, 11; methylmalonylCoA specific AT: modules 4, 6, 7, 10; ethylmalonylCoA specific AT: modules 1, 3, 5).
Bioinformatic data on the lsd PKS showed that all KR domains possessed the GxGxxGxxxA motif for NADPH binding and a conserved amino acid residue (K-S-Y-N) for catalysis, and that the DH domains in modules 1-4, 8 and 10 had a conserved motif (LxxHxxxGxxxxP). Since the KR domain plays the central role in controlling the stereochemistry of -substituents and -hydroxy groups, extensive studies on the KR domain have been carried out. [30] [31] [32] Based on structural and bioinformatic data, the catalytically active KR domains have been classified as A1-, A2-, B1-and B2-type. 33 ) KR domains of A-and Btype provide an L-and D-hydroxy configuration, respectively, which in turn would influence the double-bond configuration after dehydration by the downstream DH domain. 31) According to this rule, alcohols with L-and D-configuration afford Z-and E-olefin, respectively. The presence of characteristic amino acid residues (Q, H and P) in the catalytic region predicted that the KR domains in modules 1-4, 8, and 10 could be assigned as B1-type, while the KR domains in modules 5 and 7 could be assigned as A2-and B2-type, respectively (Fig. 3B) . These data indicate that modules 1 and 3 provided E-olefins and that modules 5 and 7 afforded (14R,15S)-and (10R,11S)-configurations, respectively. All predicted stereochemical data were identical to those of prelasalocid, except C14. A further experiment is necessary to solve the discrepancy of the stereochemistry on C14 and to evaluate the limitation of this rule. Fig. 3 . Alignment of Catalytic Domains on the Lasalocid PKS.
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A, AT domains; B, KR domains. In the AT domains, divergent motifs distinguishing malonyl-and methylmalonyl-CoA specific domains are shown in white letters on a black background. Finger print regions between ATs specific for methyl-and ethylmalonylCoAs are shown on a gray background. In the KR domains, conserved residues of each type are depicted by white letters on a black background. Other genes on the lasalocid biosynthetic gene cluster The lasalocid cluster contains two genes encoding putative regulator proteins (Lsd2 and Lsd8) which show moderate homology to the putative transcriptional regulator (Nocardia farcinica IFM 10152, 28% identity) and to the avermectin lux R-family transcriptional regulator (Streptomyces avermitilis MA-4680, 41% identity), respectively. A gene (lsd5) was also found which encodes a putative self-resistance protein homologous to monensin resistance protein MonT (Streptomyces cinnamonensis, 53% identity). In the upstream region of lsd5, we found a gene (lsd4) encoding putative type II thioesterase which displayed relatively high homology to MonAX (Streptomyces cinnamonensis, 54% identity) in monensin biosynthesis. Type II TE serves a conventional editing function to remove aberrantly attached acyl intermediates from the PKS. 34, 35) lsd9 encodes a putative crotonyl-CoA reductase, which is a key enzyme for providing ethylmalonylCoA, an essential extender unit of the lasalocid polyketide backbone, 36) and displays high homology to PlmT7 (Streptomyces sp. HK803, 80%). Recently, it has been reported that crotonyl-CoA reductase catalyzes both reduction and carboxylation of crotonyl-CoA to directly give ethylmalonyl-CoA. 37) In addition, the gene product of lsd10 is presumed to function as 3-hydroxybutyryl-CoA dehydrogenase (Frankia sp. EAN1pec, 50%). A homologous gene set (plmT7 and plmT8) has been found in the biosynthetic gene cluster of phoslactomycin 38) which also utilized two moles of ethylmalonyl-CoA. Since no redox enzyme, except epoxidase, is required at the late stage of lasalocid biosynthesis, the pair of genes (lsd9 and lsd10; plmT7 and plmT8) may be responsible for ethylmalonyl-CoA biosynthesis, although plmT8 has been assigned for oxidation of alcohol to aldehyde. 38) lsd3 displays high homology to putative 3-oxoacyl-(acyl carrier protein) synthase [Actinoplanes sp. A40644, 54%]. Currently, the detailed function of lsd3 homologues is not available. However, the presence of the corresponding gene in several mevalonate gene clusters 39, 40) is reasonable for supplying a sufficient amount of acetoacetylCoA, but not of acetoacetyl-ACP. If the functions of these three enzymes (Lsd3, Lsd9 and Lsd10) are correct, the remaining enzyme dehydratase is necessary to produce crotonyl-CoA. Since the gene product of lsd1 revealed low homology to dihydroxy-acid dehydratase [Bordetella peruses Tohama I], we tentatively assign the Lsd1 as a dehydratase.
Although other polyketides derived from ethylmalonyl-CoA lack the gene set for producing this unusual extender unit, S. lasaliensis carries its supply system. This may be reasonable, since the biosynthesis of lasalocid required more than three moles of ethylmalonyl-CoA. This powerful supply system guarantees a sufficient amount of ethylmalonyl-CoA and may contribute to the production of lasalocids B-E, 41) in which the pendant methyl substituent is replaced by an ethyl group at various positions.
Aromatic ring formation
Avermectin has a cyclohexene ring at the carboxy terminal of the polyketide chain, similar to lasalocid. To study the biosynthetic pathway for avermectin, a series of mutants has been prepared, and their extensive analysis has established the role of individual genes. 42) During the studies, Ikeda et al. found that one of the mutants produced an aromatic analog of avermectin. 43) They proposed that cyclization forming cyclohexanone occurred at the polyketide intermediate bound to ACP and was most likely catalyzed by PKS as shown in Scheme 2A. 44) The timing of aromatic ring formation in lasalocid biosynthesis is currently unknown. However, circumstantial evidence found in the study of avermectin has indicated that the corresponding cyclization was catalyzed by PKS. The proposed rule 33) shows that the KR domain in module 10 belonging to B1-type would give a D-hydroxy product. The corresponding DH-KR domain in module 10 would provide an E-olefin in which C2-C7 cyclization could hardly take place. Although the DH domain of module 10 has a conserved active site motif (LxxHxxxGxxxxP), it is likely that DH10 is inactive and provides an undehydrated product as shown in Scheme 2B. If this hypothesis is correct, after C2-C7 condensation, successive dehydration would occur to afford an aromatized product which is finally cleaved from PKS with the terminal TE domain.
In the biosynthesis of fungal aromatic polyketides, it has frequently been observed that iterative type-I PKS was responsible for aromatic ring formation (an intramolecular aldol reaction and dehydration). 45, 46) In bacteria, there are several cases of the biosynthesis of aromatic polyketide involving iterative type-I PKS such as azinomycin. 47) If C2-C7 cyclization of the lasalocid polyketide intermediate occurs as in the Scheme 2B, this is a rare example of the involvement of noniterative type-I PKS for aromatic ring formation. To our knowledge, the myxobacterial metabolite, ajudazol, possessing a 3-methylsalicylate moiety has been proposed to be the only example involving type-I PKS whose genes have recently been identified. 48) The absence of a TE domain in PKS of monensin-type polyethers is intriguing for construction of the polyether skeleton. Recently, several experimental results using discrete TE have strongly indicated that cleavage of polyketide-tethered ACP occurred after polyether formation. [49] [50] [51] The finding of a TE domain at the Cterminal end of Lsd17 (Fig. 2) is noteworthy, since this suggests that the full-length polyketide is cleaved from the ACP domain, as is usual for polyketide metabolites, before polyether formation.
Sequential cyclic ether formation
To date, three gene clusters for the ionophore antibiotics, monensin, 13) nanchangmycin 16) and nigericin, 17) have been identified. Based on a series of gene disruption experiments, 14, 15) it has been established that epoxidase and epoxide hydrolase were the key enzymes in monensin biosynthesis. In the lasalocid gene cluster, single epoxidase (lsd18) and epoxide hydrolase (lsd19) genes were identified. Lsd18 possesses a common FAD binding motif and displays 52% identity to MonCI, while Lsd19 shows 45% (C-terminal domain) À37% (N-terminal domain) identity to MonBI. 13) Compared with MonBI, Lsd19 is double the size and has two combining domains equivalent to MonBI and MonBII. The similar fused type of epoxide hydrolase gene, nanI, has been found in the biosynthetic gene cluster of nanchangmycin. 16) As mentioned in the introduction, all the gene clusters reported are APPA-type polyethers (monensintype), 13, 16, 17) and there is no report on a gene cluster of a PAPA-type polyether, although the 4.5 kb partial sequence of a putative PKS gene responsible for the biosynthesis of salinomycin has been reported. 52); * In this study, we found the first gene cluster for the PAPA-type polyether, lasalocid. Analogous to the oxidative cyclization pathway for APPA-type polyethers, it is proposed that a single enzyme catalyzes epoxidation at two double bonds and that an epoxide hydrolase possessing a pair of domains catalyzes sequential epoxide-opening reactions, although the structures of the precursors are significantly different. Thus, identification of the gene cluster for a PAPA-type polyether supports the unified biosynthetic pathway for enzymatic polyether formation with a small number of enzymes.
All efforts to inactivate lsd genes such as lsd17, lsd18 and lsd19 were unsuccessful. However, we have recently found enzymatic activity of epoxide hydrolase Lsd19 with the substrate synthesized. 53, 54) Lsd19 catalyzed polyether formation by cascade epoxideopening reactions which include energetically disfavored 6-endo-cyclization as shown in Scheme 1. Since the corresponding intramolecular epoxide-opening reaction with an acid has exclusively afforded a 5-exo product, 55) this observation supports the intermediacy of the bisepoxide, and the gene cluster we found was responsible for lasalocid biosynthesis. In addition, this observation indicates that free acid prelasalocid (not the polyketide bound to ACP) was an actual intermediate, contrary to the case of monensin-type polyether biosynthesis. Although this needs further confirmation, the successful enzymatic cyclization of the ACP-free polyepoxide would provide a new strategy to synthesize various polyether compounds.
Conclusion
One major difficulty in elucidating details of the reaction mechanism for polyether formation in the biosynthesis of monensin-type ionophore antibiotics is the involvement of complex modification reactions such as full-length polyketide transfer to discrete ACP, 17) oxidative cascade cyclization of the polyketide bound to ACP, subsequent hydrolysis of discrete TE, [49] [50] [51] methylation and hydroxylation. In this report, we have identified the gene cluster of another representative ionophore antibiotic, lasalocid. A sequence analysis of the gene cluster allowed us to speculate on the biosynthesis of the lasalocid polyketide backbone, including the pathway for production of biosynthetic unit ethylmalonyl-CoA, aromatic ring formation and oxidative cascade cyclization. Compared with monensin PKS, 13) lasalocid PKS revealed a rather simple domain and module organization. Most importantly, the PKS has a TE domain at the C-terminal end of Lsd17, indicating that the full-length polyketide is cleaved from the ACP domain, as is for usual polyketide metabolites, before polyether formation. This proposal is supported by our recent successful enzymatic transformation of a synthetic bisepoxide intermediate into lasalocid. 55) The identification and sequence analysis of the lasalocid gene cluster set the stage to investigate the intriguing long-standing issue of enzymatic polyether formation. The observation that a small number of enzymes * Recently, a sequence analysis of the 25.8-kb region, including the 4.5 kb fragment of the putative salinomycin PKS has been reported. 56) However, its modular arrangement and domain organization did not correlate with the salinomycin structure, indicating that the cluster previously assigned is unlikely to be responsible for the salinomycin biosynthesis.
catalyzing multiple reactions was involved in polyether formation indicates that these enzymes have rather broad substrate specificity, and this may provide a simple way to synthesize a variety of polyether compounds which could be drug leads.
